Fault rock low-temperature thermochronometry can inform the timing, temperature, and significance of hydrothermal fluid circulation in fault systems. We demonstrate this with combined hematite (U-Th)/He (He) dating, and sandstone apatite fission-track (AFT) and apatite and zircon (U-Th)/He (He) thermochronometry from fault-related fissures on the Gower Peninsula, Wales. Hematite He dates from 141 ± 5.1 Ma to 120 ± 5.0 Ma overlap with a 131 ± 20 Ma sandstone infill AFT date. Individual zircon He dates are 402-260 Ma, reflecting source material erosion, and imply a maximum Late Permian infill depositional age. Burial history reconstruction reveals modern exposures were not buried sufficiently in the Triassic-Early Cretaceous to have caused reheating to temperatures necessary to reset the AFT or hematite He systems, and thus these dates cannot reflect cooling due to erosion alone. Hot fluids circulating through fissures in the Early Cretaceous reset the AFT system. Hematite was either also reset by fluids or precipitated from these fluids. Similar hematite He dates from fault-related mineralization in south Glamorgan (Wales) and Cumbria (England) imply concomitant regional hot groundwater flow along faults. In this example, hydrothermal fluid circulation, coeval with North Atlantic rifting, occurred in higher-permeability fissures and fault veins long after they initially formed, directly influencing local and regional geothermal gradients.
INTRODUCTION
Fault zones localize fluid and heat transfer in the upper crust (Sibson, 1981; Byerlee, 1993; Caine et al., 1996) . Fault-hosted fluid circulation results in geochemical, mineralogical, rheological, and permeability changes that impact fault system evolution through time (Evans and Chester, 1995; Sibson, 2001) . Depending on fault geometry and the permeability contrast between fault zone and country rock, hydrothermal fluids issuing along faults may advect significant heat, thereby influencing local and regional geothermal gradients. Hydrothermal fluid temperatures range up to 400 °C (Wilkinson, 2001; Yardley, 2005; Barker et al., 2010) , and fluids may circulate through these zones for 10 3 -10 6 yr (Lewchuk and Symons, 1995; Hickey et al., 2014) , with fluid flux possible over longer (>10 7 yr) time intervals. Alteration and mineralization from fluids provide a direct record of thermal, geochemical, and deformational processes.
The temperature sensitivity of the hematite, apatite, and zircon (U-Th)/He (He) and apatite fission-track (AFT) systems makes these thermochronometry tools well suited to resolve the thermal imprint of hot fluid circulation, by documenting either the time of mineral formation or thermal resetting from fluids. Hematite, a common precipitate in hydrothermal systems, typically exhibits polydomain He diffusion behavior, and the hematite He method is sensitive to temperatures of ~25-250 °C, depending on the grain size of individual crystals in the polycrystalline aggregate and cooling rate (Farley and Flowers, 2012; Evenson et al., 2014) . Apatite and zircon He thermochronometry record cooling through ~30-90 °C and ~50-250 °C, respectively, depending on the accumulation of radiation damage in the crystal (Flowers et al., 2009; Gautheron et al., 2009; Guenthner et al., 2013) . The AFT method provides information about thermal histories in the ~100-120 °C temperature range (Gleadow et al., 2002) . AFT systematics have been used to document the hydrothermal aureole around sizeable ore deposits (Hickey et al., 2014) and basin fluid circulation (Steckler et al., 1993) .
In this contribution, we integrate multiple low-temperature thermochronometric datasets to decipher the timing and temperature of hydrothermal fluids issuing through fault zones. We specifically target minerals precipitated and directly entrained in faults because they are prime candidates for thermal resetting by hot fluid circulation. We apply this approach to a case study involving hematite mineralization and detrital apatite and zircon from surface-derived sedimentary infill in fault-related fissure fills on the Gower Peninsula, south Wales (Fig. 1) . This is an ideal locality to test this approach owing to the presence of multiple datable phases in the fault zones themselves and the independently constrained, long-term burial and erosion history. We present fissure-fill hematite He and detrital apatite He, zircon He, and AFT thermochronometry data and compare these results to the regional burial and unroofing history to interpret the significance of the thermochronometry data.
FAULT-CONTROLLED HEMATITE MINERALIZATION
Fissures on the Gower Peninsula, Wales, located on the northern margin of Bristol Channel Basin (Fig. 1) , preserve evidence of faulting, hematite-calcite mineralization, sediment infill, and paleofluid flow. The structure, mineralogy, and fill paragenesis have been detailed by George (1940) , Roberts (1979) , Wright et al. (2009), and Frenzel and N o rt h C h a n n e l B a s in C el tic S ea B as in C a rd ig a n B a y B a s in (Wright et al., 2009 ). Fault-hosted void spaces were filled and repeatedly brecciated, as evidenced by the crosscutting relationships of different mineralization events (Wright et al., 2009; Frenzel and Woodcock, 2014) . The age and timescale(s) over which the Gower fissures formed and mineralization occurred are unknown. They have been variably attributed to late Carboniferous faulting (Wright et al., 2009) and Late Triassic rifting of the Bristol Channel Basin (Strahan, 1904; Woodcock et al., 2014) . Fault-controlled hematite vein mineralization developed elsewhere along the margin of the Bristol Channel Basin ( Fig. 1B ; Woodcock et al., 2014) and other Mesozoic basins in the UK, notably around the East Irish Sea Basin ( Fig. 1A ; Crowley et al., 2014) . For comparison with the Gower data, we also targeted specular hematite from the Llanharry mine in the Vale of Glamorgan, ~20 km east of the Gower Peninsula (Figs. 1A and 1B), and botryoidal hematite from Cumbria, NW England (Fig. 1A) . Mineralization at the Llanharry mine is confined to Carboniferous limestone capped by Triassic strata, and it is inferred to occur in the latest Triassic (Gayer and Criddle, 1970) . Proposed Cumbrian ore deposit ages range from Carboniferous to Paleogene, and recent paleomagnetic data suggest a Middle Triassic age (Crowley et al., 2014) .
HEMATITE SAMPLES AND TEXTURES
Four Gower samples (Lsl-1, Lsl-6, WCB-1, and EOx-8) were collected over a 15 km transect along the southern coast of the peninsula ( ). Hematite and calcite are brecciated at the macroscale, but hematite crystals do not exhibit evidence for post-formation grain-size reduction or deformation.
Hematite aliquots were extracted from hand samples using tweezers and a portable rotary tool and were selected to avoid lobe exteriors and tool marks. Scanning electron microscopy (SEM) secondary electron (SE) imaging of representative aliquots revealed internal lobe texture and crystal morphology. Figure 2 presents representative SE images from select samples spanning the range of textures, and all images are catalogued in Figure DR2 (see footnote 1). SEM and crystal half-width measurement methods are detailed in the data repository item. Minimum and maximum crystal half-widths and corresponding closure temperatures (T c ), assuming hematite He diffusion kinetics and correspondence of observable crystal size and domain length scale as in Evenson et al. (2014) , provide a first-order estimate of the temperature sensitivity of dated aliquots assuming a 10 °C/m.y. cooling rate (Table DR1) .
Gower botryoidal hematite lobes exhibit intricate internal textures of densely packed platelets. Sample Lsl-1 consists of lobes of radially oriented plates. Locally, plates have a high aspect ratio and fan-like morphology, but elsewhere they are stacked, equant discs ( Figs.  2A-2C ). Plate half-widths are 75-175 nm, corresponding to apparent T c of ~82-94 °C. Sample Lsl-6 similarly consists of variably and radially oriented plates (Fig. DR2) . Plate halfwidths are 50-200 nm, corresponding to T c ≈ 77-96 °C. Sample EOx8 is composed of ≤20 mm botryoidal lobes with sublobes of parallel and radiating plates and high-aspect-ratio blades (Figs. 2D-2F ). Uniform 30-40 nm plate halfwidths correspond to T c ≈ 70-74 °C. Sample WCB1 is a hybrid of Lsl-6 and EOX-8 textures, with alternating domains of lobes of thin, highaspect-ratio blades and stacked, equant plates (Fig. DR2) . Individual crystal half-widths of both morphologies are 25-50 nm, corresponding to T c ≈ 68-77 °C. In contrast, Glamorgan sample LLW2 consists of macroscopically specular hematite (Figs. 2G-2I ). Comparatively coarser-grained radial plates have variable half-widths of 0.5-5 mm and associated T c ≈ 110-150 °C. Cumbria sample A14-11 exhibits macroscopic botryoidal texture with lobes up to 1 cm in diameter. Imaged and dated aliquots from a single sublayer have densely packed, high-aspect-ratio blades (Figs. 2J-2L ). Crystal half-widths between 30 and 40 nm correspond to T c ≈ 70-74 °C.
HEMATITE AND SEDIMENT INFILL THERMOCHRONOLOGY
We report hematite He data for 26 aliquots (Fig. DR3 ) from four Gower samples and individual samples from Glamorgan and Cumbria. Results are presented in Table DR2 and Figure  3A , and methods are detailed in the data repository item. Gower hematite He dates range from 140 ± 8.1 Ma to 120 ± 5.1 Ma, and dates were not all the same among fissures. Glamorgan sample LLW-2 yields a date of 97 ± 9.8 Ma (mean ± 1s standard deviation of the mean), and Cumbria sample A14-11 yields a date of 117.4 ± 1.0 Ma. Most Gower and Cumbria dates show high intrasample reproducibility, with replicate aliquots overlapping within 2s standard deviation. Three Gower samples yield a mean square of weighted deviates (MSWD) of 2.9-6.2 (Table DR2) .
Apatite He, AFT, and zircon He data are from a sandstone infill sample (Ox-1; Figs. 1C, 1F, and 1I) taken from a fissure ~40 m from East Oxwich fissure hematite sample EOx-8, which exhibited dominantly calcite mineralization. Complementary hematite mineralization was not found in outcrop, but is likely present in inaccessible parts of the fissure. Limestone host rock did not yield apatite or zircon suitable for comparative thermochronology analyses. Poor Ox-1 apatite yield prevented measurement of a meaningful track length distribution. Results are reported in Tables DR3 and DR4 and Figure 3B . Details of analytical methods are provided in the data repository item. The apatite He date from this sample is 50.3 ± 7.3 Ma (n = 7), excluding one outlier at ca. 180 Ma, and the corresponding AFT date is 131 ± 20.1 Ma (central age ± 1s). Individual zircon He dates are ca. 402-260 Ma, with a mean sample date of 308 ± 42.9 Ma (n = 8). There is no correlation between apatite He or zircon He date and effective U concentration (eU; calculated as [U] + 0.235 × [Th]; Fig. 3B ) or grain size (Fig. DR4 ).
DISCUSSION

Regional Burial History of the Gower Peninsula
To evaluate the significance of the Gower hematite and sediment infill thermochronometry results, we first reconstruct the burial and erosion history of the Gower and Glamorgan Peninsulas from independent geologic constraints and plot this history in Figure 4A. www.gsapubs.org | Volume 8 | Number 4 | LITHOSPHERE Early Carboniferous limestone hosting the fissures was buried beneath the south Wales coal basin, preserved north of Gower, to depths of ~3 km during the mid-to late Carboniferous (Burgess and Gayer, 2000) . Folding and thrusting associated with the Variscan orogeny in the late Carboniferous-Early Permian likely resulted in ≤2× tectonic thickening, and the structural thickness above the Carboniferous limestone may have reached ~4.5 km (Burgess and Gayer, 2000) . Post-Carboniferous cover was subsequently eroded away, as constrained by an Early Triassic unconformity directly overlying the Llanharry hematite deposits in Glamorgan and a Triassic outlier near the Gower Oxwich sample localities (George, 1940) . Norian (ca. 228-204 Ma) fossils in multiple fissures around the Bristol Channel Basin imply fissures were at the surface at that time (Benton and Spencer, 1995; Whiteside and Marshall, 2008) . Subsequent Bristol Channel Basin (Figs. 1A and 1B) subsidence south of Gower and Glamorgan resulted in deposition of a few hundred meters, and no more than a kilometer, of Triassic and Jurassic strata in the center of the basin (Lloyd et al., 1973; Van Hoorn, 1987) . In the Early Cretaceous, regional extension, including faulting on the Bristol Channel fault, caused erosion of the northern footwall and subsidence of the southern hanging wall (Van Hoorn, 1987) . A Late Cretaceous marine transgression from postrifting thermal subsidence and eustasy deposited ≤1 km of chalk in the center of the Bristol Channel Basin, with less on Gower and Glamorgan along the northern basin margin (Van Hoorn, 1987) . Latest Cretaceous-Paleogene unroofing reflects combined effects of sea-level fall and marine regression (Miller et al., 2005) , possible crustal compression and associated exhumation (Hillis et al., 2008) , peripheral Thulean volcanism, and the onset of thermal uplift linked to the Icelandic plume across NW Britain (Nadin et al., 1997; Clift et al., 1998) . In summary, the deepest burial of the Gower fissures and limestone host rocks occurred ca. 290 Ma. Present-day exposures were exhumed to the near surface by the Late Triassic and have remained there (or at depths significantly <1 km; Fig. 4A ).
Detrital Zircon (U-Th)/He Constraints on Gower Burial History
Zircon He dates from sandstone infill range from ca. 402 to 260 Ma (Fig. 3B) . The absence of date-eU (Fig. 3B ) and date-grain size ( www.gsapubs.org | Volume 8 | Number 4 | LITHOSPHERE temperatures associated with reburial. We interpret these data to record cooling and erosion of the source material derived from the Variscan orogen to the south. Zircons were transported and deposited in the fissures after ca. 260 Ma, and were not reset by reheating, consistent with the aforementioned burial history (Fig. 4A) . The youngest zircon He date thus broadly reflects a maximum depositional age for sandstone within the fissures. Sediments may have been incorporated into fissures during the Late Triassic, consistent with vertebrate fossil evidence ( Fig. 4A ; Benton and Spencer, 1995; Whiteside and Marshall, 2008 ). This does not preclude initial faulting and fissure formation prior to ca. 260 Ma or Late Triassic time, nor does it imply that the sandstone infill event and hematite precipitation were necessarily coeval.
Hematite (U-Th)/He and AFT Dates Record Paleofluid Flow in Gower Fissures
We interpret concordant hematite He and AFT dates from fault material within the Gower fissures to reflect thermal resetting from hot fluid circulation through these higher-permeability fault zones. Comparison between these data and the reconstructed Gower burial history indicates dates cannot simply record cooling due to erosional exhumation (Fig. 4A) . Estimated Gower hematite He T c values of ~80-115 °C (Table  DR1 ) overlap the nominal AFT T c . Gower fissures were likely at near-surface conditions in the Triassic, and subsequent Jurassic-earliest Cretaceous burial of modern south Wales exposures did not exceed several hundred meters (Fig. 4A) . For Early Cretaceous hematite He and AFT dates to reflect postburial regional cooling from erosion requires an untenable ambient geothermal gradient of ~265-400 °C/km, assuming 300 m of cover.
Two potential scenarios explain the fissure-fill hematite He and AFT dates. First, hematite precipitated in the Late Triassic or possibly Carboniferous. Hot fluids circulating through these higherpermeability fissures in the Early Cretaceous reset both hematite He and AFT systems with similar temperature sensitivity. Alternatively, hematite formed in the Early Cretaceous, and localized but widely distributed hot fluids associated with this mineralization event induced infill AFT resetting. At present, it is not possible to discriminate between these two possibilities. In either case, these data imply that the higher-permeability fissures served as conduits for hydrothermal fluid circulation long after their formation.
Gower hematite He and sedimentary infill AFT dates are consistent with some published AFT data from northern England and the margins of the central Irish Sea Basin ( Fig. 1A ; Duncan et al., 1998; Green et al., 2001; Holford et al., 2005) . We acknowledge heterogeneity in the magnitude of pre-Early Cretaceous regional burial and the impact of likely thicker sedimentary cover in and around the Irish Sea Basin on AFT dates. However, we note regional low-temperature thermochronology-derived thermal histories may reflect fluid-mediated heat transfer along faults and associated elevated geothermal gradient in addition to the effects of subsidence and sedimentation. For example, variable Cenozoic low-temperature thermochronometry-based exhumation estimates from the British Isles and Irish Sea Basin region (e.g., Hillis et al., 2008) may track variations in geothermal gradient in space and time.
Early Cretaceous hot fluids would have similarly reset the lower T c apatite He system at that time. The ca. 50 Ma sandstone infill apatite He date reflects subsequent He loss from reheating due to reburial beneath Late Cretaceous chalk. Late Paleocene igneous activity may have elevated the regional geothermal gradient (~60 °C/km) at that time. However, chalk has low thermal conductivity (<2.0 W/mK) compared to limestone (2.0-3.4 W/mK) and thus likely acted as a thermal blanket, resulting in an increased near-surface geothermal gradient for a given basal heat flow. In either case, our apatite He data are consistent with reported ~1.4-1.0 km of Paleocene-Eocene exhumation ~75 km north of Gower Peninsula (Hillis et al., 2008) .
Hematite He, AFT, and zircon He systematics constrain minimum Late Cretaceous fluid temperatures. The calculated fluid temperature and heat duration required to reset the hematite He and AFT systems (He loss and fission-track annealing, respectively) are ~100-150 °C for 10 5 -10 6 yr ( Fig. 4B) , consistent with estimates for fluid circulation in fault zones (Lewchuk and Symons, 1995; Hickey et al., 2014) . Zircon He data patterns also suggest fluid temperatures did not exceed ~180-200 °C. Hematite He dates from fault-related hematite mineralization in Glamorgan and Cumbria overlap with the Gower results and suggest that similar Late Cretaceous hot fluids operated regionally. We interpret the slightly younger mean Glamorgan hematite He date (Fig. 3A) , in spite of larger mean crystal size, to reflect combined effects of hotter faulthosted temperatures near the center of the Bristol Channel Basin or later hematite formation.
Implications of Fault-Hosted Fluid Circulation in Ancient Fault Zones
Local fluid flux and advection of heat in fault zones and fracture networks may result in mineralization and/or thermal resetting of not only fault rocks themselves, but also the surrounding host rock. This has direct implications for local and regional upper-crustal geothermal gradient estimates. Our results show that higher-permeability faults, fissures, and fault veins can serve as conduits for fluid and heat transfer, even long after these structures initially formed. Thus, increases in geothermal gradient in ancient fault zones may be decoupled from initial tectonism and fault formation. Longterm effects on local and regional geotherms should be taken into consideration when reconstructing burial and exhumation estimates from low-temperature thermochronometry-derived thermal histories. In our Gower example, we document Early Cretaceous hydrothermal fluid circulation in originally Variscan fault zones. Fluid circulation in Gower fissures was coeval with tectonic and seafloor spreading events associated with the opening of the North Atlantic Ocean ( Fig. 4C ; Dore et al., 1999) . We suggest that low-temperature thermochronometry of targeted fault materials can constrain the timing and thermal signatures of localized fault-hosted paleofluid flows that may be a manifestation of regional, or even global, plate-tectonic processes.
